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Semimetallic tungsten ditelluride (WTe2) displays an extremely large non-saturating 
magnetoresistance (XMR), which is the subject of intense interest. This phenomenon is thought 
to arise from the combination of perfect n-p charge compensation with low carrier densities in 
WTe2 and presumably details of its band structure. Recently, “spin texture” induced by strong 
spin-orbital coupling (SOC) has been observed in WTe2 by angle-resolved photoemission 
spectroscopy (ARPES). This provides a mechanism for protecting backscattering for the states 
involved and thus was proposed to play an important role in the XMR of WTe2. Here, based on 
our density functional calculations for bulk WTe2, we found a strong Rashba spin-orbit effect in 
the calculated band structure due to its non-centrosymmetric structure. This splits bands and two-
fold spin degeneracy of bands is lifted. A prominent Umklapp interference pattern (a 
spectroscopic feature with involving reciprocal lattice vectors) can be observed by scanning 
tunneling microscopic (STM) measurements on WTe2 surface at 4.2 K. This differs distinctly 
from the surface atomic structure demonstrated at 77 K. The energy dependence of Umklapp 
interference shows a strong correspondence with densities of states integrated from ARPES 
measurement, manifesting a fact that the bands are spin-split on the opposites side of Γ. 
Spectroscopic survey reveals the ratio of electron/hole asymmetry changes alternately with 
lateral locations along b axis, providing a microscopic picture for double-carrier transport of 
semimetallic WTe2. The calculated band structure and Fermi surface is further supported by our 
ARPES results and Shubnikov-de Haas (SdH) oscillations measurements. 
 
WTe2, a layered transition-metal dichalcogenide (TMD), whose sheets consist of a tungsten layer 
sandwiched by adjacent chalcogenide layers, has been the subject of intense interest for its 
extraordinary magnetoresistance (XMR)1-6. The non-saturation of the resistance with magnetic 
field differs significantly with the normal MR phenomenon, where the magnetoresistance is 
quadratic only in low fields, and tends to saturate at high fields1. This phenomenon has been 
ascribed to the perfect n-p charge compensation in WTe2, based on the investigations by angle-
resolved photoelectron spectroscopy (ARPES)7 and theoretical calculations3. According to the 
two-band model for semimetals, the sharp resonance with exact compensation (n=p) results in 
that MR given by Δρ/ρ=μ2B2 and ρxx grows with B2 without saturation1,3. Here, μ is the average 
mobility of the carriers. 
On the other hand, tungsten chains are formed within dichalcogenide layers along the a axis of 
the WTe2 orthorhombic unit cell, making the compound structurally one dimensional. As a 
consequence, a quasi-one dimensional, semi-metallic Fermi surface topology of WTe2 along the 
Γ-X direction (corresponding to the a-axis, along the tungsten chains in real space) was found1.  
Very recently, a complicated Fermi surface of WTe2 was reported via the ARPES measurements8, 
in which nine Fermi pockets were resolved, including one hole pocket around the Brillouin zone 
center, and two hole pockets and two electron pockets on each side of Γ point along the Γ-X 
direction. This observation differs from the simple Fermi surface topology (one electron and one 
hole pocket) significantly. More important, similar to the case of topological insulators9-11, the 
circular dichroism, which is a signature for strong spin-orbital coupling (SOC) and a spin texture, 
was observed at the Fermi surface in photoemission spectra8. Such spin texture provides a 
mechanism to protect the backscattering at zero field thus may be responsible for the XMR. 
Here we study in detail the non-centrosymmetric structure and the induced Rashba spin-orbit 
interactions in WTe2 by density-functional theory (DFT) calculations using a crystal structure in 
which the atomic positions are determined by total energy minimization. The Rashba effect lifts 
two-fold spin degeneracy of bands across Fermi level (EF) and produces five Fermi pockets 
(instead of two normally), including two electron pockets, two hole pockets and one deeper hole 
band that just kisses EF. In conjunction with scanning tunneling microscopy and spectroscopy 
(STM/STS) measurements, we observe umklapp-type interference pattern formed on the surface 
of in situ cleaved WTe2 single crystal at 4.2 K. Such an umklapp-type interference pattern is a 
spectroscopic feature instead of a pure geometric one. It is dominated by spin-conserving 
processes, with that a reciprocal lattice vector gሬԦ is permitted, whereas ordinary interferences are 
forbidden by spin conservation at low temperature. The band splitting is further evidenced by the 
energy dependence of the interference patterns. We note that WTe2 has space group #31, Pmn21, 
which is non-centrosymmetric due to lack of a mirror or glide perpendicular to the c-axis and 
that the reported XMR effect is for field along c and current along a and goes to zero when the 
field is perpendicular to c. 
Results 
DFT investigation of the electronic structures. DFT calculations, with the full-potential 
linearized augmented plane wave (LAPW) WIEN2k package and the PBE exchange-correlation 
functional12, were performed to investigate the WTe2 bulk structure (see methods for details). 
Atom positions after relaxation are shown in Supplementary Tab. S1 and the relaxed structure is 
shown in Fig. 1a. There is an interesting connection between WTe2 and MoS2 in that bulk MoS2 
is centrosymmetric, while the single layer version is not, which leads to interesting spin-orbit 
induced valley effects in MoS213. 
The band dispersions are shown in Fig. 1b and in agreement with previous reports1,14 by 
showing WTe2 to be a semimetal with valence and conduction bands that barely cross the Fermi 
energy at different places in the Brillouin zone along the Γ–X direction. Our calculated band 
structure is similar on a large scale to that of Ali and co-workers1, who also included SOC, but 
differs in significant details presumably due to the structure used. With SOC, the non-
centrosymmetric structure leads to the structure inversion-asymmetric (SIA) spin splitting term 
in Hamiltonian, i.e. a Rashba effect15-17. The resulting band structure complex because there are 
multiple bands including dispersive and less dispersive ones involved, but can is seen for 
example in the shift of the band extrema away from the zone center, and the dumbbell shapes of 
the hole Fermi surfaces (Fig. 1d). The calculated band structure has five non-degenerate bands 
crossing the Fermi level, that are two electron bands, two hole bands and one deeper hole band 
that just kisses EF to give very tiny hole sections. A closer inspection of the calculated low-lying 
electronic structure in the Γ–X direction is illustrated in Fig. 1c (right panel), showing that an 
original set of electron and hole bands with spin degeneracy splits into two sets of electron and 
hole bands. The Fermi surfaces are shown in Fig. 1d. The two large hole sheets are connected 
across the zone center, while the two electron sheets have small necks along the kz direction. 
Importantly, the low energy structure is not reasonably characterized as one or even two 
dimensional. The calculated plasma energies in the three crystallographic directions are 
Ωp,x=1.07 eV, Ωp,y=0.83 eV and Ωp,z=0.62 eV, which would predict a constant scattering time 
conductivity anisotropy of σx/σz~(Ωp,x/Ωp,z)2 of approximately 3 and similarly σx/σz of 
approximately 1.7, i.e. a moderately anisotropic three dimensional semimetal. 
The five pockets of the Fermi surface (Fig. 1d) lie along the Г-X direction, which is supported 
by SdH oscillations measured with perpendicular field (H//c axis). As shown in Fig. S1, there are 
four major peaks at 89.5 T, 119.4 T, 141.8 T and 156.7 T, which stand for four extremal areas. 
With the topology found in calculations this means four pockets, since the necks of the electron 
sheets along kz are too small to be one of these. In additional, higher harmonic peaks are also 
observed. According to the Onsager relation F = (ɸ0/2π2)AF, the cross sectional areas of Fermi 
surface normal to the field are AF=8.54×10−3 Å−2, 1.14×10−2 Å−2, 1.35×10−2 Å−2 and 1.49×10−2 
Å−2, respectively. Assuming a circular cross-section, four Fermi momentums kF ≈0.052 Å−1, 0.06 
Å−1, 0.066 Å−1 and 0.069 Å−1 can be estimated, which is in excellent agreement with recent 
ARPES result8 and reasonably agrees our DFT calculations. The anisotropic but three 
dimensional Fermi surfaces shown here underlie the transport and therefore the anisotropic MR 
property, which has been demonstrated by our recent transport measurements18. 
The ARPES results (left panel of Fig. 1c) resolve three bands all together across EF along Γ-X, 
referred as α, β and δ bands (see methods for experimental details, large scale electronic structure 
of WTe2 along Γ-X is shown in Fig. S2), respectively. The β and δ bands contribute two Fermi 
crossings along Γ-X and forms the two hole pockets. The α band gives two Fermi crossings and 
forms an electron pocket. There are two bands located around 80 meV below EF (the γ band) and 
around 190 meV below EF (the ε band). Except for the tiny hole pocket inside of hole dumbells, 
all four Fermi pockets predicted by our DFT calculations are clearly resolved. This supports the 
calculated electronic structure and Fermi surface topology, which is different from that originally 
reported by Ali et al.1. 
 Figure 1 | DFT calculation of electronic structures of WTe2. (a) The relaxed bulk structure of WTe2. (b) The 
calculated band structure of WTe2 bulk, with relaxed structure of the slab. (c) The photoemission intensity plot (left 
panel) along Γ-X direction together with a closer inspection of the calculated electronic structure (right panel), 
showing the crossing of the states in the Γ–X direction. The colorful lines are the schematic drawings of the low-
lying electronic structure of WTe2, where α, β and δ bands cross at Fermi level while γ and ε are deeper bands below 
EF. ARPES data were taken at 100 K with the photon energy 21.2 eV. (d) Calculated 3D Fermi surface for WTe2 
bulk. Fermi surfaces for the five bands crossing the Fermi level shown as blue for hole surfaces and red for electron 
surfaces. The bottom right shows the total Fermi surface, but note that only the largest hole and electron surface are 
visible.   
In the topological insulators, SOC induces the spin texture in the topologically protected 
surface states, namely opposite spin direction on the opposite side of Γ. This provides the 
protection against backscattering in the absence of magnetic scattering at zero field19-21. Such a 
mechanism may play an important role in the large non-saturating MR of WTe2. Although the 
existence of spin texture in WTe2 has been detected by ARPES measurements8, a direct 
observation of spin-texture and its dependence with external magnetic field are still missing. For 
this purpose, extensive STM/S measurements were performed (see “Methods” for experimental 
details). 
STM study of the WTe2 surface. Surface termination always breaks inversion symmetry. Thus a 
stronger Rashba effect is expected and affects the Fermi surfaces, screening, and electron 
dynamics on the surface22. Figure 2a shows a representative topographic image of a fresh-
cleaved WTe2 surface obtained at 77 K. Based on crystal-chemical considerations and experience 
with other layered TMDs such as MoSe2 and IrTe223,24, cleavage always occurs between adjacent 
chalcogenide layers so that a Te terminated surface is exposed. The atomic-resolved STM image 
in Fig. 2a can therefore be understood based on the atomic structure of top Te layer (Top view of 
the crystal structure of the WTe2 bulk is demonstrated in the left panel of Fig. 2b and the 
corresponding first Brillouin zone is shown in the right panel of Fig. 2b). On the surface layer of 
WTe2, the tellurium octahedra distort slightly and the metal atoms are displaced from their ideal 
octahedral sites, forming zigzag metal-metal chains along a axis (Fig. 2b). The Te atom layers 
are buckled (see Fig. 1a), with the Te(i) atoms displaced a little into the sandwich layer and Te(o) 
atoms moved slightly out. We therefore assign the brighter feature in Fig. 2a to Te(o) atoms 
while the darker ones to Te(i) atoms. 
Conductance spectra (dI/dV versus Vb), which measure the local density of states (DOS) at the 
tip site, were obtained in order to investigate the electronic structure of the WTe2 surface. 
Thousands tunneling spectra were acquired on clean WTe2 surface at different locations (cyan 
curves in Fig. 2d) and an averaged dI/dV spectrum is also superposed (shown as black curve in 
Fig. 2d). Figure 2c gives the calculated total DOS for WTe2 bulk and the projections of the 
electronic density of states (PDOS) onto W (d bands) and Te (p bands) atoms. Both W (d orbitals) 
and Te (p orbitals) contribute to the overall DOS of valence and conduction bands. The obtained 
tunneling spectra are in excellent agreement with the theoretical calculations. Without the 
consideration of the spin, the electronic structure of WTe2 around EF is fairly simple: The 
valence band and conduction bands barely cross the Fermi energy at different places in the 
Brillouin zone (a schematic scratch of the band structure of WTe2 is shown in the insert of Fig. 
2d). We then are able to identify an ECBM (conduction-band minimum) at ∼-40 mV and an EVBM 
(valence-band maximum) at +40∼+60 mV. The overlap between the valence band and 
conduction bands is 80 meV to 100 meV, leading to the semimetallic nature of the sample. The 
spectroscopic results agree reasonably well with our band structure calculations and ARPES 
measurements7.  
 
Figure 2 | STM/S measurements of cleaved WTe2. (a) Atomically resolved STM topographic image shows the 
cleaved WTe2 surface. The image was acquired at 77 K. (b) Top view of crystal structure of WTe2, with layers of W 
(golden) atoms sandwiched between layers of Te (blue and cyan) atoms. Here, red circles are used for highlighting 
top Te(i) and Te(o) atoms, which can be assigned to topographic features observed in atomic resolution STM image 
in (a). (Right panel) FFT image of a large (∼45 nm) atomic resolution STM topographic image, displaying Bragg 
vectors (dashed red circles) and the corresponding first Brillouin zone (purple rectangle). (c) The calculated total 
DOS, with projections of the DOS onto different atoms, W (d obitals) and Te (p obitals). The energy zero is set to 
the Fermi level. (d) dI/dV spectrum acquired from the surface area in WTe2 at 4.2 K, showing EBCB at ∼-40 mV, 
ETVB at ∼+40 mV and EF at zero. Setpoint parameters: Vb = +50 mV (a), RJ = 0.5 GΩ; Vrms = 5 mV. (Inset) 
Schematic band structure of WTe2 based on our ab initio calculations. 
Dramatic changes take place when the temperature is lowered to 4.2 K, at which STM images 
of the surface exhibit a unique “lattice” pattern (Fig. 3a). The unit cell size for this “lattice” 
pattern is 3.5×6.3 Å, exactly the same as the unit cell of the WTe2 surface and the experimental 
structure taken at 77 K. The difference between STM topographic images obtained at 77 K and 
4.2 K is very obvious. As shown in the left panel of Fig. 3b, the darker protrusions shift from the 
center (77 K) to the edge (4.2 K) of the unit cell and form a rectangular lattice instead of the 
triangular one at 77 K. No structural transition has been reported in this temperature range for 
WTe2. On the other hand, such a structural change for the top Te layer is extremely energetically 
unfavorable. The rectangular lattice at 4.2 K cannot be attributed to the surface 
structural/geometric feature, and therefore should represent electronic variations on the surface. 
Electronic modulations are not rare and have been reported in other materials, mostly arise from 
a charge ordering. However, charge-density waves (CDW)25-27 are generally accompanied by at 
least partial energy gaps in the single-particle excitation spectrum near the Fermi level28. Our 
observed “lattice” pattern cannot be assigned to the charge ordering since no gap opening is 
obtained in our spectroscopy measurements (Fig. 2d). 
Alternatively, this electronic “lattice” pattern can be a result of the quasi-particle interference 
(QI) induced by surface Rashba SOC splitting. It is vital to realize that states with ݇୊ሬሬሬሬԦ and -݇୊ሬሬሬሬԦ 
have opposite spin directions. All of the interference processes building up the FS topology 
should be forbidden in the absence of spin-flip29. One the other hand, in the umklapp-type 
interference processes, a reciprocal lattice vector gሬԦ  are not forbidden by spin. For example, 
interference between (kሬԦ, ←) and ( ሬ݇Ԧ+gሬԦ , ←) is always permitted, but interference between (kሬԦ ,←) 
and (-kሬԦ ,→) is not (Fig. 3b, right panel). As a consequence, this does not require the existence of 
defect scattering and the pattern is formed extending the entire sample surface where a regular 
crystalline lattice of WTe2 preserved, as that reported for the Be(110) surface30. 
The umklapp-type interference processes can be further evidenced by differential conductance 
mapping at different energy levels. The differential conductance maps taken with sample bias 
varying from -0.4 V to 0.5 V are shown in Supplementary Fig. S3 and a representative dI/dV 
mapping at -0.1 V is given in Fig. 3c, together with the corresponding fast Fourier transform 
(FFT) image (Fig. 3d). When the bias is below -400 meV, only an unidirectional stripe pattern is 
visible at the dI/dV map, manifesting an interference with a reciprocal lattice vector  g௕ሬሬሬሬԦ. With the 
increment of the bias, QI patterns show the interference with reciprocal lattice vectors not only 
along the Г-X direction, but also for the Г-Y direction. The intensity of interference pattern with 
the reciprocal lattice vector g௕ሬሬሬሬԦ  reaches the maximum at -200 meV, while with g௔ሬሬሬሬԦ  has a 
maximum at around -100 meV, as illustrated in Fig. 3e. By comparing with the integrated DOS 
from our ARPES measurement (Fig. 3f), a coincidence was found, showing that the interference 
maxima for reciprocal lattice vectors always occur at the top/bottom of downwards γ, ε bands or 
upwards band α. Such coincidence manifests those downwards/upwards bands are spin-split, 
namely opposite spin direction on the opposite side of Γ in momentum space. Our observation of 
such “spin texture” agrees with Jiang et al.’s circular dichroism (CD) measurement8. 
 Figure 3 | STM images and tunneling spectra at 4.2 K. (a) STM topographic image, Vb =500 mV, I=100 pA. (b) 
(Right) Schematic drawing showing umklapp-type interference processes in spin-conserving processes, involving a 
reciprocal lattice vector  gሬԦ, are permitted, while ordinary interferences are forbidden by spin.  (Left) A comparison 
between STM images taken at 77 K and 4.2 K. (c) dI/dV conductance image with Vb =-100 mV, I=100 pA. The size 
of image is 10 nm×10 nm. (d) FFT image of the dI/dV image in panel (c), showing umklapp-type interference, 
involving reciprocal lattice vectors g௕ሬሬሬሬԦ ,	g௔ሬሬሬሬԦ  and g௕ሬሬሬሬԦ +g௔ሬሬሬሬԦ. (e) The energy dependence of the intensities for interference 
spots, i.e. vectors g௕ሬሬሬሬԦ , 	g௔ሬሬሬሬԦ  and g௕ሬሬሬሬԦ +g௔ሬሬሬሬԦ, respectively. (f) A schematic illustration for bands near EF along Γ-X 
direction with the integrated DOS (thick black line) from ARPES data.  
Now we can explain the distinct difference between STM topographies at 77 K and 4.2 K. Due 
to the presence of the surface enhanced Rashba SOC, the origin of the degenerate band is shifted 
by kR, but in opposite directions for up- and down-spins with in overall spin-orbit lowering of ΔR 
energy. This Rashba type spin orbit splitting is k-dependent, but is about 50 meV at some k, and 
lower at others. When the measuring temperature Tm is raised i.e. at 77 K, the peculiar 
interference pattern vanishes and an STM image representing the surface geometry is observed 
meaning that scattering processes have sufficient energy mix bands at different energy, removing 
the spin protection from scattering; conversely at low T, the STM image will be dominated by 
such interference pattern, as what we observed at 4.2 K. 
To further study the electronic nature of the surface, a spectroscopic survey was taken, 
consisting of 50 differential tunneling conductance spectra (dI/dV versus Vb). Figure 4a shows 
the dI/dV spectra acquired within five UCs (marked by a blue line in Fig. 3a). All curves exhibit 
similar line shapes without evidence for an energy gap. The spatial mapping of the differential 
tunneling conductance is shown in Fig. 4b. From this plot, oscillation of DOS of both filled 
states (below EF) and empty states (above EF) with lateral displacement, is clearly observed. 
Interestingly, the maximum position of filled states does not meet with the maximum of empty 
states. The separation between the lateral positions of the maxima for empty and filled states is 
about 2 Å, manifesting a separation of electron/hole-like channels. 
It has been proposed that particle-hole asymmetry arises from an imbalance between the 
tunneling rate for electron injection and extraction31,32, and this mechanism has been widely 
applied in the high-Tc cuprate superconductors studies33,34. According to the theory of spectral-
weight sum rules32, the ratio of particle-hole asymmetry R( ݎԦ ) can be given by ܴ(ݎԦ) =
׬ ே(௥Ԧ,ா)ௗாಶమబ
׬ ே(௥Ԧబషಶభ ,ா)ௗா
. By integrating empty and filled states from -0.2 V to 0 and from 0 to 0.4 V, 
respectively, a normalized particle/hole asymmetry ratio is plotted, as shown in Fig. 4c. The 
electron/hole ratio is varying within a unit cell along b axis, which is perpendicular to tungsten 
chain. In half of the unit cell, it is more electron-like with the ratio lower than one and vice versa 
in another half. The overall electron/hole ratio within a unit cell always equals to one, suggesting 
the perfect n-p charge compensation in WTe21,3. As far as we know, such a microscopic picture 
of separated electron/hole channels for a double-carrier system has not been observed previously 
for semimetallic materials. 
 Figure 4 | Low Temperature (4.2 K) differential conductance (dI/dV) spectra showing electron/hole 
asymmetry within a unit cell. (a) A series of dI/dV spectra acquired along the blue line in Fig. 3a. Here, all spectra 
were taken with a bias of 50 mV, a tunneling current of 0.1 nA and The bias-modulation was set to 5 mVrms. (b) A 
gray-scale plot of these dI/dV curves with the relative displacement. (c) The calculated ratio of electron/hole 
asymmetry based on the spectra survey in panel (a).  
Finally, we checked the electronic properties of WTe2 surface under applied magnetic field. 
As shown in Fig. 5a, no distinct change in the spectrum is observed upon applying magnetic 
fields from 0 to 8 T. One possible reason for not observing Landau levels (LLs) is that the 
spacing of the Landau levels ħωc is too small to be measured. In contrast to the case of Cd3As2, 
in which the high Fermi velocity (~1×106 m/s) gives a spacing of approximately 20-30 meV 
between LLs, the largest spacing of Landau Levels of WTe2 at 8 Tesla is estimated about 1-2 
meV. Another possibility for not observing LLs is an extremely small cross-sectional area Sn in 
reciprocal space. According to the reported ARPES work7, the size of the electron-like and the 
hole-like pocket at the Fermi level are almost exactly the same in area, about 0.018 Å-2. This 
similarity as well as the overall small size of the Fermi surfaces causes tiny cross-sectional area 
perpendicular to the magnetic field, therefore may play an important role in the non-observation 
of quantized Landau levels at moderate field. A spectroscopic survey by applying 8 Tesla 
perpendicular field, consisting of 50 dI/dV spectra crossing five UCs is acquired, as shown in Fig. 
5b. The similarity between Fig. 4b and Fig. 5b suggests the existence of a separated 
electron/hole-like channels at 8 T. In the other words, one may notice that the spatial oscillations 
of electron injection and extraction become more blurred at high magnetic field. This effect 
could be due to Fermi’s golden rule, in which the scattering rate between one electron and one 
hole LL increases proportionally with the magnetic field.  
 Figure 5 | Tunneling spectra under a magnetic field along c axis. (a) dI/dV spectra acquired at different 
perpendicular fields (from top to bottom: 0, 1, 2, 3, 4, 5, 6, 7, 8 Tesla, respectively). Here, all spectra were taken at 
4.2 K with Vb=50 mV and I= 0.1 nA. Bias-modulation amplitude was set to 5 mVrms. (b) A color plot of the dI/dV 
curves with the relative distance, from a line spectra survey taken under 8 Tesla field.  
Discussion 
In summary, utilizing STM/S, ARPES and transport measurements, corroborated by DFT 
calculations, we revealed that strong Rashba type spin-orbit effects due to the non-
centrosymmetric structure splits the electron and hole bands crossing the Fermi level and lifts the 
spin degeneracy of these bands. Such effect almost doubles the number of Fermi pockets, 
producing five bands that cross EF, instead of two bands normally. We also note that the Fermi 
surfaces and their topology found both experimentally and from our DFT calculations differ 
from those initially reported1. Furthermore, low temperature STM/S measurements show the 
umklapp-type interference pattern on WTe2 surface at 4.2 K, proven to be a spectroscopic feature 
instead of a pure geometric one, which is dominated by spin-conserving processes. Spectroscopic 
surveys reveal that the ratio of electron/hole asymmetry changes alternately with lateral locations 
along b axis, while the overall electron/hole ratio within a unit cell stays into a perfect balance. 
In WTe2 the Fermi surface is arranged along the a-axis which is the current direction for the 
XMR and the direction in which the Rashba-type splittings are important. The inversion 
symmetry is broken by a lack of reflection in the c-direction. This leads to an important spin 
texture in the a-b plane, with polarized tangential to the Fermi surface. Thus the magnetic field 
along c breaks this texture. We infer that it is this that enables scattering between parts of the 
Fermi surface that have different spin without field and underlies the XMR effect. Our findings 
provide a microscopic atomic level understanding of the electronic and spin structure of the 
exotic semimetal material WTe2 and show the importance of the interplay of spin-orbit 
interactions with the non-centrosymmetric crystal structure.  
 
Methods 
Synthesis. Single crystals of WTe2 are grown via self-flux technique. W and Te shots in an atomic ratio of 1:49 
were placed in a 5 ml Al2O3 crucible to grow the WTe2 single crystals. A catch crucible containing quartz wool was 
mounted on top of growth crucible and both were sealed in a silica ampoule under approximately 1/3 atmosphere of 
high pure argon gas. The sealed ampoule was heated up initially to 1100 °C and kept for 6 hours, then cooled down 
to 500 °C over 96 hours. The Te flux was separated from single crystals by using a centrifuge once the temperature 
reaches 500 °C.  
STM/S. For the STM/S measurements, a Unisoku low-temperature scanning tunneling microscopy was used for the 
imaging and spectroscopic measurements. The sample was cleaved at room temperature in ultra-high vacuum to 
expose a shining surface and then loaded into the STM head for investigation at 77 K and 4.2 K, respectively. We 
obtained topographic images in constant-current mode, and the tunneling spectra dI/dV using lock-in technique to 
measure differential conductance. A chemically etched W tip was ued. The bias voltage was applied on the sample 
side during the STM observations. The WSxM software has been used to process and analyze STM data. 
DFT calculations. Density functional theory calculation were done using the generalized gradient approximation of 
Perdew, Burke and Ernzerhof (PBE)35. We used the general potential linearized augmented planewave method36 as 
implemented in the WIEN2k code37 for calculations of the electronic structure and for structure relaxation. We used 
well converged basis sets consisting of standard LAPW functions up to a cutoff RKmax=9, where Kmax is the 
planewave sector cutoff and R is the minimum LAPW sphere radius, in this case 2.45 bohr; the sphere radii were 
2.45 Bohr for W and 2.55 Bohr for Te. Additionally, local orbitals were added for the W 4f, 5s and 5p and Te 4d 
semicore states. Relativity was included at the Dirac level for the core states and in a scalar relativistic 
approximation for the valence states in the structure relaxation. Once the relaxation was done we calculated the 
electronic band structure, Fermi surfaces, plasma frequencies and properties including spin orbit. 
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